Abstract. Starting powder mixtures of ZnO and TiO 2 , at the molar ratio that is in accordance with the stoichiometry of zinc titanate Zn 2 TiO 4 , were mechanically activated using a planetary ball mill in different time intervals from 0 to 90 minutes. X-ray diffraction analysis, scanning electron microscopy and non-isothermal dilatometric measurements were performed in order to investigate zinc titanate formation. Processes occurring during mechanical activation led to the formation of a specific structure of obtained powders that promoted and accelerated solid-state reactions and densification during sintering. The main conclusion based on analysis is that mechanical activation enables better compaction of activated powders, i.e. possibility of achieving higher densities of green bodies without binders, but first of all that Zn 2 TiO 4 ceramics can be obtained by mechanical activation after a certain time with appropriate thermal treatment, i.e. heating rate and sintering time, at temperatures lower than those when non-activated mixtures were used.
Introduction
It is well known that material properties depend on synthesis routes governed by the synthesis conditions, through their physical and chemical properties. A low-temperature sintering method is a desirable way for obtaining microwave dielectrics, where a significant effort is made to lower the sintering temperature as the main parameter. Addition of an external agent can lower the sintering temperature. This is also the case if nanocrystalline forms of starting oxides are used for obtaining high purity products. Mechanical activation is also a common part of the powder preparation route in the field of ceramics. High-energy ball milling has become a conventional method for producing nanocrystalline materials, as well as for mechanical activation.
Nowadays, due to development of microwave dielectrics, zinc titanates are applied as dielectric resonators and filters in microwave devices [1] [2] [3] . Orthotitanate Zn 2 TiO 4 is considered to be the most stabile form of the three compounds coexisting in the phase diagram of the ZnO-TiO 2 system and as a high temperature titanate form it has been widely investigated [4] . Many publications pointed out different synthesis routes for obtaining the Zn 2 TiO 4 (cubic) compound [2, 5] , but unfortunately only a few deals with Zn 2 TiO 4 prepared by mechanical activation that we are interested in [6, 7] . Very recently, high-energy ball milling has been conducted for the first time on the ZnO-TiO 2 system in order to obtain the most stable phase of orthotitanate Zn 2 TiO 4 , where intensive milling conditions enabled its direct formation [8] .
The aim of the present paper was to investigate the mechanochemical synthesis route through the characterization of the nanocrystalline form of Zn 2 TiO 4 obtained by high-energy ball milling, and sintering behavior of the mixtures activated at different time intervals.
Experimental Procedure
Commercially available ZnO (99.9% Kemika-Zagreb) and TiO 2 (99.9% Alfa product-Ventron) were chosen as starting materials. Appropriate amounts of the compositional constituents at the 66 mol% ZnO to 33 mol% TiO 2 ratio, that corresponds to the required stoichiometric ratio of 2:1, were weighed out and the powder mixture was afterwards placed in 500 cm 3 volume zirconium oxide vessels together with balls of 10 mm in diameter (ball to powder mixture mass ratio was 40:1). The powders were submitted to mechanochemical treatment in air, in a planetary ball mill device (Fritsch Pulverisette 5) with the angular speed of the supporting disk set on 400 rpm. The time of milling was varied from 5 to 90 minutes and the mixtures, as appropriate samples, were denoted according to the applied time of activation as ZTO-005, ZTO-015, ZTO-030 and ZTO-090. The mixture labeled as ZTO-000 was not mechanically activated. Powders were then sieved through a 0.2 mm sieve.
X-ray diffraction patterns of powder mixtures after milling and after sintering were obtained using a Norelico-Philips PW 1050 diffractometer with λCuK α radiation and a step/time scan mode of 0.02º/0.4s.
The specific surface area (SSA) of powder samples was measured by a nitrogen gas sorption analyzer using the BET method (Micrometrics In. Co. ASAP 2000).
The morphology of obtained powders was characterized using scanning electron microscopy (JSM 5300-JEOL, 30 kV).
The binder-free powders of non-activated and activated mixtures were compacted using the uniaxial double action pressing process in an 8 mm diameter cylindrical tool (Hydraulic press RING, P-14, VEB THURINGER). Based on our previous investigation of the behavior of nonactivated and activated mixtures during compaction [6] , the compaction pressure was varied in order to achieve almost identical green densities for dilatometer measurements. Compacts obtained from the non-activated mixture without a binder are extremely fragile and thus not convenient for handling, which is not the case with compacts of mechanically activated mixtures.
The relative shrinkage of samples in order to investigate the reactive sintering process was followed by a sensitive dilatometer Bähr Gerätebau GmbH Type 702s. Heating was carried out in air with a constant heating rate of 10°C/min, from room temperature to 1100°C followed by holding times of 1 hour.
Results and Discussion
X-ray diffraction patterns of non-milled and ball-milled ZnO and TiO 2 powder mixtures are given in Fig. 1 . ZTO-000 is the X-ray pattern of the starting mixture containing ZnO and TiO 2 . An insignificant amount of the rutile phase is present in the mixture together with the anatase modification of TiO 2 . The process of milling in a high-energy planetary mill gave five succeeding X-ray patterns.
After 5 minutes of mechanical treatment, the intensities of all starting phases are significantly lowered. The decrease in crystallinity that takes place in this type of powder processing is a consequence of the defect formation and diminution of crystallite sizes causing peak broadening. Intensive disappearance of the crystal structure is an indicator of extremely high transfer of mechanical energy to the powder during mechanical treatment, due to the type of planetary milling device, and also, high value of powder to ball mass ratio, such as 40:1.
The intensity of ZnO diffraction peaks decreased after 15 minutes of mechanical treatment, while peaks of anatase TiO 2 almost completely disappeared. Faster disappearance of anatase than of rutile is probably due to phase transformation from anatase to the most stabile form of TiO 2 -rutile [8, 9] .
In the ZTO-030 diffraction pattern, all above-mentioned phases are still present, including the first significant peaks of a new phase -Zn 2 TiO 4 . Intensities of ZnO and TiO 2 peaks are lower, while Zn 2 TiO 4 peaks become higher with increasing milling times.
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The diffraction pattern of the powder activated for 90 minutes, ZTO-090, clearly shows the existence of a Zn 2 TiO 4 phase. In the course of milling, α-spinel Zn 2 TiO 4 (cubic, space group Fd3m) phase formed after 90 minutes of milling. The ZnO phase was not completely utilized to produce the spinel phase and the remaining amount of ZnO cannot be further converted to the spinel-phase just by high-energy ball milling, even though milling was conducted for a much longer milling time [8] . The specific surface area (SSA) of powders was measured according to the BET method after drying in a flow of inert gas at 200 o C. Figure 2 shows the dependence of SSA on milling time. It is obvious that the process of milling consisted of three phases: the first in the range of activation from 0 to 5 minutes, the second one from 5 to 30 minutes and the third phase lasts from 30 to 90 minutes. In the early stage of milling, the SSA increases from 13.7 to 14.4 m 2 /g, then decreases rapidly from 14.4 to 10.1 m 2 /g, and then slowly (12 times slower than the previous one) decreases to 9.9 m 2 /g. Increase in SSA in the first 5 minutes of mechanical activation led us to conclude that the process of particle breaking takes place in the early stage of milling. After that, from 5 to 30 minutes, a rapid decrease in SSA indicates that cold-welding or secondary agglomeration of the starting and newly formed powder particles are the dominant processes during mechanical activation. Namely, since the first traces of zinc titanate recorded after 15 minutes of activation according to XRD analysis, we assume that the mechanochemical reaction of obtaining zinc titanate begins after 5 minutes. With increased milling time, after 90 minutes, agglomeration is not so pronounced and the value of SSA very slowly decreases. 
Scanning electron images in Fig. 3 show a significant difference in non-activated and 15, 30, and 90 min activated samples.
Irregularly shaped, sub micron particles and agglomerates with a size of approximately a few microns are the general characteristic of these powders. The unique morphology of the starting powders (ZnO and TiO 2 particles) is still present in the powder activated for 15 minutes, but not in powders activated for longer time periods. Regarding the previous conclusion made from the analysis based on XRD results, which indicate that unreacted ZnO and TiO 2 are still present in ZTO-030 powders, other different phases besides Zn 2 TiO 4 cannot be distinguished without EDS analysis. With longer times of activation particles become more uniform in size and shape, and also in composition since ZnO in traces is present together with the dominant titanate.
Powders activated for 30 minutes consist of edge shaped particles with a size approximately smaller than one micrometer. The particle size generally increases with increasing milling time.
Powders activated for 90 minutes consist of particles more uniform in size of around 0.5 micrometers and agglomerates of zinc titanate. Agglomeration is clearly visible in the powder sample activated for 90 minutes.
Having in mind previous results better sinterability of mechanically activated mixtures can be expected but for shorter time of milling since it is well known that agglomeration inhibits the sintering process. In order to improve it and to determine the optimal sintering temperature regime dilatometer measurements were performed in the same conditions for samples of non-activated and various activated mixtures. Figure 4a shows the relative shrinkage of samples as a function of time during heating and holding at 1100°C for various activated samples, obtained by the dilatometer. Thus, one can notice that intensive sintering of mechanically activated mixtures for 15 minutes starts at 900°C accompanied by characteristic shrinkage. According to the fact that in samples of the mixture activated for 30 and 90 minutes non-reacted starting compounds are present in lower quantities than in the one activated for 15 minutes, but in much more compacted agglomerates that inhibit the sintering process, solid-state reactions, i.e. spinel formation, are the dominant process and more pronounced with displayed characteristic expansion. Also, the onset of sintering shifts to higher temperatures for longer time of activation. Contrary to that, the solid-state reaction in samples of the reference, i.e. non-activated mixture, preceded in a quite different manner. First, in the case of the non-activated sample the characteristic maximum of zinc titanate formation is not observed, and secondly the sintering process is far away from the final stage as it is for activated samples. This suggests that in the absence of mechanical activation the formation of Zn 2 TiO 4 is too slow to be dominant in the observed temperature range and consequently to allow the mass transport and the sintering process to occur as efficiently as in the activated sample. Figure 4b shows the X-ray diffraction patterns of ZTO-000, ZTO-015 and ZTO-090 samples sintered at 1100 o C for 1 hour. Since diffraction patterns of ZTO-15 and ZTO-30 samples are almost the same, for the reason of achieving distinctiveness in the overall picture the latter is omitted in Fig. 4b . It is clearly visible that after heating we have a pure phase -Zn 2 TiO 4 , with a small amount of unreacted ZnO in all samples.
Conclusions
The influences of the mechanical activation on the solid-state reaction and sintering in a mixture 2ZnO-TiO 2 were investigated. From the results of the present research it is possible to conclude that mechanical activation enables better compaction of activated powders without binders, but first of all that Zn 2 TiO 4 ceramics could be obtained by mechanical activation after a certain time with appropriate thermal treatment, i.e. heating rate and sintering time, at temperatures lower than in the case where non-activated mixtures were used. The main conclusion based on dilatometry and XRD analysis is that activation of only 15 minutes very successfully promotes solid-state reactions as well as sintering processes and establishes an optimal thermal treatment of sintering at a significantly lower temperature than in the case of non-activated mixture.
